In the process of rapid urbanization in China, the problems caused by urban sprawl are becoming increasingly serious. Guangdong province's GDP ranked first for 29 years in China. Its spatial and temporal characteristics of urban compactness are exceedingly typical. This paper uses catastrophe progression method to calculate the urban compactness of 21 prefecture level cities in Guangdong province from 2000 to 2015, then carries out the spatial analysis. The findings of this study indicate that 1) with the core of Guangdong, Hong Kong and Macao Bay Area, fan-shaped diffusion of city compactness and spatial distribution pattern is formed. 2) The average city compactness of Guangdong province has changed little from 2000 to 2015 which fluctuates in the range of 0.75 -0.80. And the urban compactness of Shenzhen, Guangzhou and Dongguan is the top three stably. 3) The Global Moran's I in Guangdong changed from −0.3315 to 0.4102; namely, the spatial autocorrelation of urban compactness changed from dispersion into agglomeration in 16 years. 4) The spatial difference of urban compactness in Guangdong is mainly affected by polarization effect, diffusion effect and return effect. After analysis, we suggest that Guangdong province should focus on the development of intercity rail transportation in order to consolidate the mutual relationship within the urban agglomeration of Guangdong-Hong Kong-Macao Greater Bay Area. In the meantime, it's supposed to promote the process of Three Old Transformation in the low gradient city. These findings may have implications regarding the improvement of urban compactness and efficiency.
Introduction
The basic trend of modern urban development is building a compact city. Urban sprawl caused serious social and environmental problems (e.g. waste of land resource, inefficient pendulum commuting, the disappearance of agricultural land and open space, the hollowing out of urban) [1] . All these problems are reflected in the process of rapid urbanization in China. In 2016, China's urbanization rate was 57.35%; at the same time, it was expected to reach 60% in 2020. Under the restriction of a Red Line for protecting farmland in mainland China, how to absorb urbanized population becomes an urgent problem. Therefore, limiting the boundary of urban growth, improving the efficiency of land use, protecting the green space and renewing the development land have become a necessary means to solve the problem of urban sprawl. As a strong province for its economy and population, Guangdong province has a prominent contradiction between human and land. Accordingly, it has the practical significance to study the way to build compact cities in Guangdong province.
The compact city was first proposed by Danzig and Satty. At present, there is no uniform standard for the definition of compact city. Some scholars believe that the connotation of the compact city is to promote the redevelopment of the city, to activate the center of the city, to protect the farmland, and to improve the urban density [2] [3] , to promote the mixed use of land and transit-oriented development [4] . Some scholars assert that the compact city can provide more living space on the same land area, meanwhile meeting the higher life requirements of the citizens. On the premise of controlling the urban fringe not expanding outwards, the infill development of city can be realized, and the efficiency of city will be improved. To sum up, the characteristics of compact city includes compact urban form and compact urban function, which is highlighted as three aspects: transit-oriented development, high density development and comprehensive utilization of land space.
At present, the measurement of urban compactness is mostly about the morphological compactness. Most of the research tools are GIS and remote sensing image interpretation. The indices are usually constructed from nine aspects (i.e. density, diversity, continuity, concentration, clustering, centrality, nuclearity, mixed use and proximity) [5] [6] . The measurement is based on the premise that the circle is the best shape of the city, which is the biggest drawback. In other words, if the shape of the city is closer to the circle, then the urban compactness becomes bigger. It is obviously contrary to the actual urban form. Actually, urban morphology, which is affected by geography, geology, hydrology, transportation lines, administrative boundaries, evolves into ribbon, cluster or satellite shaped form. Urban form is difficult to achieve circular shape; whereas, a non Q. Xu circle city can't be a compact city. At the same time, only considering the compactness of urban form and ignoring the compactness of city features are contrary to the core connotation of compact city. Meanwhile, some scholars use entropy method, AHP method, principal component analysis method to calculate the urban compactness. The indexes selected are similar to the evaluation of land intensive. In addition, those indexes emphasize on the density so much that they ignore the mixing and coordination of city functions.
In view of the above problems, this paper chooses 20 indices from the two aspects which are urban morphology and urban function. Then we establish 6 second level indexes which are the compactness of population, land use, function of dwelling, function of transportation, function of work and function of recreation. Afterward, we apply catastrophe progression method to calculate the city compactness of Guangdong province with the data from 2000 to 2015, then use Arc GIS and GeoDa to operate the spatial econometrics in order to explore the spatial distribution characteristics of urban compactness, degree of balance, spatial autocorrelation etc.
The rest of the paper is organized as follows. We introduce the theoretical basis of compact city in Section 2, followed by the evaluation of urban compactness in Guangdong province in Sections 3. Section 4 discusses the forming mechanism of temporal and spatial variation characteristics concerning urban compactness. Section 5 puts forward policy proposals. Section 6 concludes.
Theoretical Basis
The compact city is not equal to intensive use of land. From the connotation, the compact city pays more attention to the functional coordination and livability of the city. By contrast, the concept of the intensive use of land is too one-sided.
The intensive use of land only emphasizes the improvement of land use intensity. In other words, it stressed that increasing the output of unit land area, and saving land as much as possible, especially the arable land. However, land use intensity is not the higher the better, because it not only will bring serious pollution, but also reduce the quality of living environment. Thus, there are serious limitations of only emphasis on the intensive use of land. In contrast, the compact city has more abundant meaning. Besides emphasizing as far as possible to revitalize the stock of land and reduce land increment, it also stresses that all kinds of urban functions should be coordinated organically. The city is convenient for people to work, live, transport and recreation. Therefore, we should attach importance to the difference between the compact city and intensive land use before we calculate the urban compactness.
From the key points of the compact city, it includes the compactness of urban morphology and functions. On the one hand, the essence of the city is population agglomeration, thus the compactness of morphology should not only include the compactness of land use, but also contains the compactness of population. On the other hand, according to The Athens Charter, the functions of 
Empirical Method
The catastrophe theory is an impactful tool to solve discontinuous sudden issues in the process of continuous change in dynamic system [7] [8]. In catastrophe theory, the dynamic system is considered as a potential function V(x), including state variable (x) and control variables (u). Namely, the equation is V = V(x, u).
The balance curved surface can be described by equation ( ) 0 Therefore, we pay more attention to changes in the relative ranking of urban compactness.
Indicators and Data Sources
Based on the theory related to the compact city, 23 indicators are selected into 15
the indices system. By analysing the collinearity and correlation of the data, the two indexes (i.e. the area ratio of built-up area and the ratio of urban park green space) were excluded. Because only Guangzhou and Shenzhen have subway in Guangdong province, in order to make the data comparable, the index which is the length of metro line is eliminated. Therefore, the remaining 20 indicators are involved in the index system.
The indicator data should be normalized to a dimensionless value between 0 and 1 due to the non-uniform of the indicator's dimension. Since the 20 indicators used are positive indicators, the formula of standardization is:
where i y is the normalized value of each indicator; i x , max x and min x are the initial, maximum, and minimum value of each indicator in Table 2 respectively. Table 2 . The index system of urban compactness in Guangdong Province. Secondly, Shenzhen is the most compact city with great potential for promotion. Although the administrative area of Shenzhen is 1996.85 km 2 which less than 1/3 of the administrative area of Guangzhou, it has many other advantages (e.g. large population, sufficient employment, large construction land area). In addition, Shenzhen became a special economic zone in 1980. Due to the best resource supported by the whole country, its urban planning is more standardized and perfect. And its road network and land use layout are more reasonable.
The Spatial Variation Characteristics of Urban Compactness
Moreover, Shenzhen has a package of talent introduction programs which attract a large number of migrant population. It has significantly improved the population concentration of Shenzhen. Fourthly, the transportation function of eastern Guangdong, western Guangdong and northern Guangdong are low. However, they have the natural advantages for the development of compact city as a result of their narrow built-up area, high degrees of comprehensive urban land. They can make the organic integration of various urban functions (e.g. residence, employment, shopping, leisure and entertainment) in a small area. Meanwhile, they can provide more job opportunities in shorter commuting distance, thus they are more consistent with the pedestrian transportation system which is led by the compact city.
The Spatial Autocorrelation Analysis of Urban Compactness
The global spatial autocorrelation in Guangdong changed from negative to posi- The whole change process shows that the urban compactness of Guangdong province has changed from scattered state to concentrated state. In the initial stage of development, the compactness of intercity gap is big. After that, the cities in Guangdong province gradually form urban agglomerations, and the neighboring cities are becoming more and more similar.
The Balance Analysis of Urban Compactness
The compactness of 21 prefecture level cities in Guangdong province showed strong disequilibrium according to the large slope of broken lines (Figure 4 ). In the parallel coordinate plot (PCP), each index considered in a multivariate comparison becomes a parallel axis in the graph. Each index has been rescaled, such that the mininum value is on the left end point, and the maximum on the right hand side. The observations are sorted by increasing magnitude from left to right. Similar city has similar polyline trend.
The Comparison between Morphology Compactness and Function
Compactness The compactness of urban function and the compactness of urban morphology are not uniformly distributed, especially in Qingyuan, Zhanjiang, Shaoguan, Maoming, Meizhou. In those cities, the compactness of urban function is greater than the compactness of urban morphology. The Guangdong provincial government has insisted on Hand in Hand Aid, vigorously carrying out infrastructure construction in poor prefecture level cities, and promoting industrial transfer over the years, hence the urban functions of less developed areas have been enhanced.
Mechanism Analysis
Karl Gunnar Myrdal put forward the polarization effect, expansion effect and return effect to analysis the concentration and dispersion of regional production in 1968. We used his analytical framework to interpret the changing mechanism 
The Polarization Effect of Urban Compactness
The polarization effect of urban compactness means that the city can continuously accumulate favorable resources (e.g. a large number of talents, funds, technology) to develop after the takeoff period. Accordingly, the compactness of cities with first-mover advantage will increase. By contrast, the economic base of backward areas is poor. And its talents and funds will be out of circulation, which is difficult to play a cluster effect and scale effect. In addition, its building density and plot ratio are small due to the low housing demand and land prices. 
The Diffusion Effect of Urban Compactness
When the urban compactness exceeds the reasonable threshold, the problems (e.g. high housing prices, environmental deterioration, serious pollution, increasing living costs, fierce competition among talented people), will induce some people to leave the big city. As a result, as the population spreads from large cities to medium-sized cities which are adjacent to large cities, the compactness of medium-sized cities will increase. This is the diffusion effect. The diffusion effect of urban compactness is most evident in Dongguan which is adjacent to Guangzhou and Shenzhen. Since 2006, the urban compactness in Dongguan has increased rapidly which has remained third in Guangdong province in general ( Figure 5 ). The reason why the diffusion effect was obvious after 2006 is closely related to the development of real estate market in China. To be specific, in 1998 China began the reform of the housing market, then the commercial housing market has developed. In the early stage, the gap of real estate price between the cities is small. However, the real estate price of the cities with first mover advantage rises faster than the housing prices of backward areas. After several years of development, the housing price in Guangzhou and Shenzhen reached high prices in the province. Meanwhile, urban diseases (large population growth, pollution, traffic congestion, high housing price-to-income ratio etc.) in Guangzhou and Shenzhen are beginning to appear, more labor force gradually transferred to low gradient city which leads the compactness of Dongguan to aggrandize.
The Return Effect of Urban Compactness
The return effect is the opposite of the diffusion effect. Although part of the labor force was moved to small cities, the infrastructure and employment environment provided by small cities has no ability to retain all talents. Then small group of transferred labor force will return to the big city. Other factor mobility is accompanied by the flow of population, thus the outflow of elements will make cities uncompact.
Due to the market mechanism, the return effect always precedes and greater 
Policy Proposals

Focus on the Development of Intercity Rail Transportation
Public transport oriented is a kind of land use pattern that Guangdong province must adhere to. In order to improve the compactness of regional traffic, rail transit should be developed. At present, only Guangzhou and Shenzhen have operated the subway in Guangdong Province. And the highway construction in the whole province is almost saturated, so the development of intercity rail transportation has greater potential. The number of public transport per capita and the density of bus routes in the backward city is low, which makes numerous citizens more dependent on private cars. According to the concept of the compact city, it's necessary for Guangdong province to speed up the construction of the subway and intercity light rail in order to improve the coverage of public transportation.
The Global Moran's I of urban compactness in Guangdong province is positive, which signifies that the adjacent city is becoming more and more similar.
Consequently strengthening the connection among cities by public transport will consolidate the development in the urban agglomeration of GuangdongHong Kong-Macao Greater Bay Area.
Promote Three Old Transformation of Backward Area
Three Old Transformation is a unique mode of transformation in Guangdong Province, which refers to the renewal of old towns, old factories and old villages.
At present, the implementation of Three Old Transformation in high gradient cities are very successful. However, the implementation in eastern Guangdong, western Guangdong and the northern Guangdong are insufficient. Accordingly, Guangdong province should intensify efforts to promote the Three Old Transformation project in the low gradient cities, in order to revitalize the stock land, improve the efficiency and livability of the city.
In the future, urban compactness of Guangdong province still needs gradient growth. Regional coordinated development is not the pursuit of the disappearance of the absolute difference in urban compactness among cities, but the pursuit of club convergence.
Conclusions and Discussions
The compact city is a planning tool to curtail urban sprawl, to support greater uti- The marginal contribution of the paper is to expand the application of catastrophe progression method in the calculation of urban compactness. Besides, the paper uses the classical theory of regional economic to interpret the formation mechanism concerning the spatial and temporal variation characteristics in compact cities. The polarization effect, diffusion effect and return effect were used to explain the reasons why the spatial distribution of urban compactness is unbalanced in 21 prefecture level cities of Guangdong Province.
The future research could focus on the reasonable threshold of urban compactness. The existing literature, including this article, implies that "the higher the compactness of the city, the better". However, that's not the case because excessive compactness will lower the quality of living. Hence, we can try to determine the reasonable range of urban city compactness. Namely, when the compactness exceeds a range, the city should be evacuated organically. When the compact degree is lower than a certain range, the city should be infilled developed within the existing boundaries.
